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Executive summary

Nile River Basin is one of the largest river basins in the world with an area equivalent to 10
percent of the African continent or about 3.1 Million km?® It is the longest river in the world at 6,695 kilo-
metres and shared by eleven countries in north-eastern Africa and hosts more than 257 million people.
The basin extends from the equatorial Plato in the south to the Mediterranean Sea in the north, cross-
ing mountain ranges and deserts before flowing into the Nile Delta in Egypt. The climate is extremely
diverse with spatially variable rainfall and evapotranspiration, creating different climatic zones. High
population growth, developmental challenges and predominantly agricultural economies characterize
the basin. The Nile River Basin faces a huge challenge in terms of water security. With an expected dou-
bling of the population in the basin in the next twenty five years, water supply in the basin will be further
depleted as demands for agriculture, domestic and industry continues to grow. Water availability in the
basin will also be threatened by climate change and variability and pollution from increased agricultural
and industrial activities and from urban areas. However, water resources of the basin are already being

intensively utilised and as such the basin is considered as the one of the conflict-prone river basins.

This report describes the rapid Water Accounting Plus (WA+) study for the Nile River Basin
using FAO’s data portal to monitor Water Productivity through open access of remotely sensed de-
rived data (WaPOR v2.0) database of the Food and Agricultural Organization (FAO). For this study, the
WaPOR datasets for the period 2009 to 2018 were used. The WaPOR version 2.0 level 1 with skm reso-
lution data for precipitation and level 2 with 10o0m resolution data for actual evapotranspiration, refer-
ence evapotranspiration, interception and land cover classification layers were used for WA+ analyses.
Additional open access data were used to assess changes in storage (the Gravity Recovery and Climate
Experiment (GRACE) data). In addition, the WaPOR land cover classification layer was reclassified to

WA+ classes using the World Database on Protected Areas and the Global Reservoir and Dam Database.

The analyses reveal that at basin level, between 2009 and 2019, for more than 9o percent of the
time the evapotranspiration (ET ) is greater than the precipitation (P). For specific areas, such as water
bodies in the Sudan and Egypt including the Sudd wetlands and Aswan reservoir and irrigated farmlands
along the banks of the river in Egypt, ET, far exceeds P. Natural land covers also consumed huge amount
of water. The difference between P and ET , at basin level can be explained by depleting storage in the
basin, however independently observed data from GRACE observed increasing storage. The error in the
WaPOR water balance compared to GRACE data is 8% of P, accounting for the discrepancies between
calculated and observed change in storage.

Further investigation on quality of WaPOR data per land cover classes, the values for P- ET,
in some natural land cover classes such as bare and sparse vegetation show negative values, suggesting

additional water supply (incremental ET), which is unlikely. Given the sizes of these land cover classes,

asmall error in precipitation or evapotranspiration data hugely affects the water balance. The study also
revealed that the potential for agriculture expansion in the basin is limited from a water resources per-
spective, even though the irrigated land accounts only for two percent of the total area. The largest pro-
portion of the water in the basin is consumed by natural land covers. The beneficial water consumption
contribution to ET, is low compared to non-beneficial consumptions. Hence, agricultural expansion in
the basin could theoretically be implemented if non-consumptive use of water by natural land covers
is minimized through improvement of landscape strategies. However, such expansion should take into
account the impacts of land uses changes and its impact on hydrological response of the basin, environ-
mental flow requirements, fair share of the water resources among the riparian countries and impacts of

climate variability on seasonal and periodic availability of water resources.



1. Introduction

1.1. Case study description

Nile River, called the father of African rivers, is the longest river in the world, at 6,695 km. It
rises south of the Equator and flows northward through north-eastern Africa to drain into the Mediter-
ranean Sea. The Nile Basin covers an area of about 3.1 million km? which represents about 10 percent of
the African continent and contains ten major sub-basins. Eleven countries share the river: Burundi, the
Democratic Republic of the Congo, Rwanda, Uganda, the United Republic of Tanzania, Kenya, South Su-
dan, Ethiopia, Sudan, Eritrea and Egypt. The Nile region is characterized by high population growth and
significant development challenges. The Nile Basin is home to approximately 257 million people, while a
total of 487 million live within the ten riparian countries (NBI, 2017; FAO, 2011), so more than 50% of the

population in these riparian countries live within the Nile Basin.

The Nile basin comprises two broad sub-systems; the Eastern Nile sub-system and the Equa-
torial Nile sub-system. The Eastern Nile sub-system consists of the Blue Nile (Abay in the Ethiopian
language Amharic) and the Atbara, which flow from the highlands of Ethiopia, and the Equatorial Nile
sub-system consists of the White Nile, the headstreams of which flow into Lakes Victoriaand Albert. The
White Nile, originates in the Equatorial Lake Plateau (Burundi, Rwanda, Tanzania, Kenya, Democratic
Republic Congo and Uganda). Other significant tributary is the Sobat, originating also in the Ethiopian
highlands. These sources are located in humid regions, with an average rainfall of over 1,000 mm/year.
After the confluence of these two rivers, the Nile enters the arid climate in Sudan, North Ethiopian and

Egypt. The arid region starts in Sudan and extends into northern Ethiopia and Egypt.

The Nile basin comprises 10 major sub-basins (see Figure 1). The downstream stretch of the
river flows northwards to the Mediterranean through the Sahara Desert. The Blue Nile flows are highly
seasonal, while the White Nile waters have a steady flow and only contributes 10 to 20 percent of the total
Nile runoff (FAO, 2011). At Lake Nasser, a major reservoir on the Sudan-Egypt border, the Nile River is
regulated to provide water for Egypt.

It has been reported that in 2013, the Nile has a mean annual discharge of 2,800 m?/s to the
Aswan Dam. The discharge is reduced to about 5 % of that amount (150 m3/s) by the time it reaches the
Mediterranean Sea (GRID-Arendal, 2019). The reported annual discharge into Egypt at the Aswan dam
is significantly higher than the flow which discharges to the sea, out of 88 km3/year only 5% (4.7 km?3/year)
reaches the Mediterranean. Other sources also estimate the discharge in to the Mediterranean Sea to be
almost three times as high (13 km3/year average of the period 1984-2001) of water with or no inter-annual

variability (Bouraoui et al., 2010).

The Nile sub-basins has physiographic regions with diverse characteristics such as topography,
drainage patterns and geomorphology. The physiographic regions can be categorized as (1) highlands -
plateaus and mountains; (2) open water surfaces (lakes - both natural and man-made); (3) wetlands and

swamps; (4) flat lands; and (5) deserts (NBI, 2017). The upper sub-basin featured mainly highlands and
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open surface water, and the mid and lower sub- basins mainly consists of the other three regions. The
Nile River basin also contains unique features such as the Sudd wetland covering an estimated area of
approximately 57,000 km? Lake Victoria (the largest natural lake in Africa), 17 wetlands sites registered

by Ramsar and diverse species of flora and fauna (NBI, 2017).

1.2. Water resources developments and challenges in Nile River Basin

The Nile basin plays a very important role in the socio-economic development of the countries
sharing it. Agriculture remains the backbone of the economic sector in most Nile riparian countries. Re-
liable access to water is key to increasing agricultural productivity, providing most of the employment,
and improvingliving standards of the population of the Nile basin countries. The basin also has potential

for hydropower generation (NBI, 2017).

High population growth and environmental degradation are affecting the Nile region. The
population of Nile Basin countries, for example, grew by over four fold in the 50 years between 1960 and
2010 and consequently water, food and energy demand increased significantly. As a result, per capita wa-
ter availability has been declining (NBI, 2017).

The outflow from the Nile Basin is small relative to its size. The reported outflow to the
Mediterranean Sea from the basin which measures more than 3 million km* is only about 4.7 km3 /year
(GRID-Arendal, 2019) and about 13 km3/year according to Bouraoui et al. (2010). NBI (2017) reports the
Nile mean annual flow at Dongola, upstream of the Aswan Dam, to be 8o km3/year which is equivalent to

about 30 mm depth of water over the basin area.

The upstream riparian countries have largely rural populations that depend on smallholder
subsistence farming with low agricultural productivity and inefficient water use. In this part of the ba-
sin, precipitation is abundant but temporally variable. Their economy depends on the income generat-
ed from such farming and no alternative employment opportunities. Such farming practice and period-
ic drought occurring in the region, have been affecting food security of the region (NBI, 2017). For the
downstream countries which are located in arid region with sparse precipitation, the Nile is the only sig-
nificant source of water. As such the Nile flows are fully used by Egypt and the Sudan for their industrial,

domestic and agricultural water supply.

The groundwater resources of Nile Basin has not been adequately studied (NBI, 2017) and lit-
erature on the subject is very limited. However, twelve trans-boundary aquifers were identified in the

river basin (International Groundwater Resources Assessment Centre (IGRAC))

Groundwater exploitation in the basin differs widely from country to country where in the up-
stream of the basin groundwater exploitation is solely for domestic purpose while in Egypt and Sudan

groundwater resources are extensible developed and used also for agriculture (MacAlister et al., 2012).
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Figure1:  Location of the Nile River Basin and the ten major sub-basin of Nile (Map produced for the report using shapefile from FAO,
river network from Hydroshed (Lehner and Grill, (2013), topography map from Natural Earth. Free vector and raster map
data @ naturalearthdata.com and sub basins boundary from NBI, 2017

1.3. Objective of water accounts

The purpose of this study is to demonstrate how WaPOR data in conjunction with other Earth
observation data sources contribute to the generation of information that provides insight in to major
flows and fluxes and thereby determining water availability, withdrawals, consumptive use, non-con-

sumptive use and the benefits and services rendered from it. In particular, the study seeks to investigate:

= Whatis the current water resources availability in the Nile River basin?
= How much water is being consumed by different sectors and in particular agriculture in the Nile
River basin?

= What are the safe caps of water withdrawals for the agricultural sector in Nile basin?

A system referred to as Water Accounting Plus (WA+) has been designed by IHE Delft with its
partners FAO and IWMI using spatial data from earth observations and various other open-access data-
bases. It complements the lack of routine water resources data collection and incorporates spatially dis-
tributed water consumption. The WA+ framework is a reporting mechanism that summarizes the state
of the water resources conditions by means of customized sheets (www.wateraccounting.org). While
the WaPOR database does not contain all the input data required for fully implementing the WA+ frame-
work, key data is provided, such as precipitation, actual evapotranspiration, the breakdown between
transpiration, evaporation and interception, reference evapotranspiration, net primary production and

total biomass production (FAO, 2018).

The present study shows the results of the implementation of the Water Accounting+ frame-
work in the Nile River basin for the period 2009 to 2018 using WaPOR v2.0 data, identifying the current
water challenges, the sustainable water withdrawals, and the key areas where future actions can have
a profound impact. It implements a rapid WaPOR-based Water Accounting+ framework, developed for
the project. It focusses on the basin-wide analyses (WA+ Sheet 1) as initial analyses of the state of the

water resources utilisation in a river basin.

Finally this report reflects on the quality of the WaPOR v2.0 data for Water Accounting plus.


http://www.wateraccounting.org

2. Methodology

2.1. WaPOR datasets

The WaPOR v2.0 database contains information at three different spatial resolutions. At con-
tinental level, data is available at 250m resolution (Level 1). For selected countries and basins, data is
available at 100m resolution (Level 2). For detailed crop water productivity analyses for selected irri-
gation systems, 3om resolution data is available (Level 3). For this study we used the Level 2 (10om res-
olution) data. Before using the data for the Water Accounts, various checks of the data were performed
suchas1) precipitation datawas compared with observed rainfall data 2) water balance of the basin using

WaPOR data and 3) identification of source and sink per land use classification.

2.1.1.  Precipitation

WaPOR rainfall data is based on the CHIRPS database created by the United States Geological
Survey (Funk et al., 2015; FAO, 2018). Figure 2 shows the spatial variability of the average annual WaPOR
precipitation (P) in the Nile basin for the period 2009-2018. As it is seen clearly in the precipitation map,
most of the rainfall falls in the southern parts of the basin in the Ethiopian highlands and in the Equatori-

al Lake Plateau. The central and north-eastern part of the basin produces little amount of rainfall.

The basin annual rainfall varied between 552 mm/year in 2009 to 724 mm/year in 2012 (Fig-
ure 3). The monthly-average precipitation shows a unimodal rainfall where most of the rainfall occurs
between March and October (Figure 3). However, the pattern differs significantly across the basin with
Lake Victoria basin receiving a bimodal rainfall pattern (October to December and March to May) while
Ethiopia receives unimodal rainfall. The minimum monthly rainfall occurs in January (8 mm/month)

and the maximum in August (121 mm/month).

2.1.2.  Evapotranspiration

The WaPOR evapotranspiration (ET ) layer estimates the total evapotranspiration, including
interception. Figure 5 shows the spatial variation of ET in the Nile basin. Similar to the rainfall, ET
in the southern part of the basin is significantly higher than the dryer northern part. The monthly ET,
values more or less follow the patterns of the precipitation, indicating water (through precipitation) is
the main limiting factor. The ET, in the arid region of the basin which starts in Sudan and extends into
northern Ethiopia and Egypt is less than 400 mm/year. The only areas in the arid region with high ET
values are in the irrigated areas and at dam locations such as the Aswan where the ET, can be more than
2,400 mm/year. Open water bodies experience high evaporation losses depending on their location in
the basin. Dams and lakes in the arid region experience ET, up to 3,000 mm/year.

The inter-annual variation of basin total ET, doesn’t follow the precipitation trend. With ET' be-
ing largely controlled (irrigation) or linked to wetland systems this is following expectations. T shows a

very narrow difference from year to year between the value of 690 mm/year and 726 mm/year. The annual

5

ET ,values are higher than annual precipitation except for the year 2012 when the precipitation is more by

25 mmy/year, which mean WaPOR estimates that the basin consumes more water than it generated.

Mean P (2009-2018)

P [mmy/year]

N 0
I 0-500

500 - 1000

1000 - 1500

1500 - 2000
[ 2000 - 2500
N 2500 - 3000
B > 3000

Latitude {* North)

10 -

1
25 30 35
Longitude {* East)

Figure 2:  'WaPOR annual precipitation (mm/year) for the Nile basin averaged for 2009-2018. Maps for the individual years are provid-

edinAnnex1.
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Figure 3: Annual mean (A) and monthly mean (B) WaPOR Precipitation in Nile River basin for a period of 10 years (2009 to 2018)



The monthly variation of ET also shows less variation than the precipitation with the mini- 2.1.3.  Precipitation minus Evapotranspiration

mum values of 41 mm/month in February and maximum value of 77mm/month in September. e . . .
4 / Y 77mm/ p The WaPOR datasets for precipitation, actual evapotranspiration and interception were used

to identify areas of the basin which generate water and the areas which consume water. Areas where the

Mean ET (2009-2018) precipitation is more than the actual evapotranspiration and interception are considered water generat-
§ ing areas and those with precipitation less than the actual evapotranspiration and interception are con-
sidered as net consumers (Bastiaanssen etal., 2014). The yearly average rainfall excess or deficit (P-ET)
_ET ngm/yearl for the hydrological years from 2009 to 2018 is mapped in Figure 6. As can be seen in this map, the areas
- 0 -500 generating net water are eastern part of the basin comprises the highlands of Ethiopia draining into the
500 - 1000
1000 - 1500 Tekeze Atbara and Blue Nile basins, and the southern part of the basin consists of the Equatorial Lake
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B 2000 - 2500 Plateau consisting of Lake Victoria, Victoria Nile and Lake Alberta basins.
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Figure 4:  'WaPORannual actual evapotranspiration and interception (mm/year) for the Nile basin averaged for 2009-2018. Maps for o
the individual years are provided in Annex 2.
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To getabetter sense of the basin scale water balance, for each year the P, ET and P-ET  values
are compared (Table 1). The difference between precipitation and evapotranspiration is negative except
for the year 2012 the only year in the decade from 2009 when precipitation is more than the evapotrans-
piration. This indicates that more water is consumed than generated in the basin by abstracting from the
storage in the basin. In addition, when assuming an outflow of 4.7 km?/year the difference becomes 129.4

km?/year.

Table 1: Comparison of annual WaPOR Pand ET , values for the entire Nile Basin

2009 552 1,698 723 2,224 -171 -526
2010 677 2,080 703 2,161 -26 -81
2011 674 2,072 707 2,172 -33 -101
2012 724 2,226 699 2,149 25 76
2013 662 2,037 690 2,120 -27 -83
2014 680 2,091 703 2,163 -23 -71
2015 647 1,989 698 2,147 -51 -157
2016 645 1,982 703 2,162 -59 -180
2017 682 2,008 691 2,124 -8 -26
2018 715 2,198 726 2,233 -11 -35
AVERAGE 666 2,047 704 2,166 -39 -118

2.1.4. Land use analysis

The WaPOR database provides a yearlyland cover maps (LCC) for the Nile River Basin, which
is based on the Copernicus land cover product (FAO, 2019). The land cover map of the year 2018 from
the WaPOR database is presented in Figure 7. The land cover map provides 23 land use classes, with 11
different land cover classes for trees. The major land cover classes in the Nile River Basin are bare/sparse
vegetation, grass land, crop land, open tries and shrub land. Throughout the study period, there were no
significant changes in the area of natural land cover classes based on WAPOR data except a very small in-
crease of rainfed croplands at the expense of irrigated croplands between 2011 and 2015. The land cover
classification data may not provide a clear picture of what happened in this case as the irrigated cropland
class in WaPOR’s LCC layers is identified by applying a water deficit index that takes into consideration
of seasonal cumulated values of precipitation and actual evapotranspiration (FAO, 2019). Bare/space
vegetation land cover is the largest type with more than 30% of the total area mostly found in Egypt and
northern Sudan followed by grassland with about 17%, rainfed cropland with about 15%, open tree cover

about 13% and shrubland about 11%.

The water balance per land use class (Table 2) shows, as expected that irrigated croplands and
flooded shrub lands consume much water followed by forests or tree covers of different types. Surplus
water is mostly generated from rainfed and fallow croplands, built-up areas, and some tree cover types.
Grassland in the basin generally consume blue water with evapotranspiration greater than the precipita-
tion. Mean values of P, ET  and their difference per each land use class is provided in Table 2.

lcc 2018
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Land use map of the Awash Basin using WaPOR

classification. Maps for the individual years are

provided in Annex 4.
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Figure 8:
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(ET,) of the Nile River Basin for the year 2018.
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Table2: The meanannual P - ET, for each land cover class from 2009 to 2018 in the Nile River Basin.

Tree cover:
open, unknown type

Cropland, rainfed

Tree cover:

open, deciduous broadleaved
Tree cover:

closed, evergreen broadleaved
Grassland

Shrubland

Tree cover:

closed, unknown type

Tree cover:

closed, deciduous broadleaved
Built-up

Shrub or herbaceous cover,
flooded

Tree cover:

open, evergreen broadleaved

Seawater
Cropland, fallow
Water bodies

Cropland, irrigated or under
water management

Bare / sparse vegetation
Permanent snow /ice

n.a
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2.2. Preliminary assessments

Before using the data for the Water Accounting Plus, several checks were performed includ-
ing (1) comparing WaPOR data with in situ observations, (2) comparing WaPOR ET  with other esti-
mates for the Nile River Basin, (3) mapping net water generation and consumption and identifying net
consumer land cover class, and (4) assessing WaPOR-derived basin scale water balance using remotely
sensed total water storage.

2.2.1.  Comparison with in situ-observations - Precipitation

Additional local validation of the precipitation was done using observed rainfall data from the
basin. Long term average of rainfall for four stations in the basin namely Debre Markos in Ethiopia, Khar-
toum in Sudan, and Tanta in Egypt and Entebbe in Uganda were extracted from the Water Resources At-
las (NBI, 2017). The monthly rainfall values were computed from very long records of at least 100 years
long except for Debre Markos which has about 48 years record (see Table 3). The results of the compari-
son are shown in Figure 9.

The comparison is not of the same period but the long term monthly average with the 10 year
monthly average of WaPOR data. Considering this fact, it appears that WaPOR slightly underestimates
precipitation with a bias value of -0.05 to 0.15 mm/month. The coefficient of correlation values vary from
0.83 to 0.99 which shows a very good agreement of monthly precipitation values from WaPOR and the
four measurement locations.

Table 3: Station name, country and record length of the rainfall observation used for comparison

Debre Markos Ethiopia 1953-2001
Khartoum Sudan 1900-2011
Tanta Egypt 1904-2004
Entebbe Uganda 1900-2006

Monthly mean prempltatlon for Debre_Markos Debre_Markos
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Figureg:  Monthly WaPOR precipitation compared with rain gauges in four location in the basin at Debre Markos in Ethiopia, Khar-

toum in Sudan, Tanta in Egypt and Entebbe in Uganda
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2.2.2.  Comparison of WaPOR ET_ with other ET_ estimates for the Basin

FAO-Nile program (Hilhorst et al., 2011) and Bastiaanssen et al. (2014) have computed ET,
over the Nile Basin for different periods in the past. Though the periods over the ET, computed are dif-
ferent, comparison of the ET, flux has been made to gain insight how the WaPOR ET  fairs with other
similar estimates for the basin.

FAO-Nile program (Hilhorst etal., 2011) estimated ET, over the Nile Basin for the period from
1960 to 1990 based on a classical water balance calculation for sub-basins. The actual ET, over rainfed
areas is calculated assuming it is equal to the reference T computed on a monthly basis with the FAO
Penman-Monteith method when there is enough water stored in the soil to allow actual ET, fluxes to be
equal to ET,. When there is no enough water stored in the soil to allow this, a soil moisture reduction
term is used. For irrigated areas identified from the land use map derived from FAO’s AQUASTAT, ET,
was assumed to be equal to ET, after correction with a crop coefficient. Evaporation from open water
and wetlands was estimated from ET' and calibrated through closure of the water balance.

Bastiaanssen et al. (2014) produced yearly estimates ET, maps for Nile Basin for the period
2005 to 2010 based on the Operational Simplified Surface Energy Balance (SSEBop) model, developed
and tested by U.S. Geological Survey Earth Resources Observation and Science (EROS) Center adjusted
using ET Look model developed by Bastiaanssen et al. (2014) results. The SSEBop ET, product they used
has a pixel dimension of 1 km and computes the surface energy balance on the basis of thermal infrared
measurements by the MODIS satellite.

The boundaries of the Nile sub-basin used by the FAO_Nile program is slightly different from
the one used for this study. Also the boundaries used by Bastiaanssen et al (2014) is different from both
the boundaries used by FAO Nile program and this study. Therefore, the ET, values estimated using the
three approaches are compared ET flux instead of volume. Table 4 and Table 5 show the comparison of
WaPOR ET, versus FAO-NILE estimates and WaPOR ET versus ET, produced in Bastiaanssen et al.

(2014).

The FAO-Nile program estimated the mean ET, to be 628 mm/year while the WaPORET  is 704
mm/year showing almost 12% increase from the FAO-Nile ET . Except for two sub-basin, WaPORET es-
timates are higher than the FAO-Nile estimate. WaPOR ET, estimates for Blue Nile and Lake Victoriaare
less than the FAO-Nile estimates by 2% and 8% respectively. The maximum change is observed for Baro
Akobo Sobat sub-basin at 35% followed by White Nile at 22% and Bahr el Ghazal at 17.5%.

Bastiaanssen et al. (2014) estimate the mean 7' to be 616 mm/year with a difference 14% with
WaPOR ET,. The largest difference is for Victoria Nile - Lake Albert sub basin with 23.2% followed by
Baro Akobo Sobat sub-basin with 21%.

The ET  comparisons showed that WaPOR ET are higher on average than the two ET prod-
ucts. However since the approach, the period over the ET is computed (for FAO-Nile from 1960-1990,
for the Adjusted SSEBop Model from 2005 to 2010 and for WaPOR 2009 to 2018) and the resolutions of
the dataused (for the Adjusted SSEBop Model 1 km and for WaPOR 100 m) are different, itis not possible
to infer the reasons for the increase in WaPOR ET, other than that WaPOR includes evaporation from

interception while SSEBop does not.
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Table 4: Comparison of longer term ET volumes (km?/year) and fluxes (mm/year) estimated by FAO-Nile (1960-1990) and
the WaPOR (2009 —2018)

FAO-Nile . WweR

Description Area ET, ET, Description Area ET, ET, Dev.
(k) (kmy  (mmy/ )  kmy  (mm/ (%)
year) year) year) year)

Main Nile d/s Atbara 877,866 109 124 Main Nile 856,494 121 141 -13.9
Atbara 237,044 94 397 Tekeze Atbara 237,136 105 444 -11.8
Main Niled/s
Khartoum e 7 2
Blue Nile 308,198 266 863 Blue Nile 306,970 260 847 1.9
White Nile 260,943 145 554 White Nile 259,895 176 676 -22.0
Bahr el Ghazal &

606,428 454 749 Bahr el Ghazal 601,915 530 880 -17.5
el Arab
Pibor-Akabo-Sobat 246,779 224 907 Baro Akobo Sobat 201,192 246 1,224 -35.0
Bahr el Jebel 136,400 163 1,196 Bahr el Jebel 186,338 239 1,282 -7.2
Kyoga-Albert 197,253 224 1,124 Victoria Nile 161,315 208 1,289 -14.7

L. Albert

Lake Victoria basin 264,985 308 1,160  Lake Victoria 263,020 281 1,067 8.0
Total and average 3,170,419 1,991 628 3,074,273 2,165 704 -12.2

Table 5: Comparison of longer term ET volumes (km3/year) and fluxes (mm/year) estimated by the adjusted USGS EROS
SSEBop model (2005-2010) and the WaPOR (2009 -2018)

Description Area ET, ET, Description Area ET, ET, Dev

(km?) (km?/ (mm/ (km?) (km¥/  (mm/ (%)
year) year) year) year)

Main Nile 1,2,3 98,3375 106 107 Main Nile 856,494 121 141 -13.9

Tekezze-Atbara 231,492 105 453 Tekeze Atbara 237,136 105 444 -11.8

Main Nile 4 35,338 6 180

Blue Nile 307,262 226 737 Blue Nile 306,970 260 847 1.9

Lower White Nile 237,429 146 617 White Nile 259,895 176 676 -22.0

Bahr el Ghazal -

Sudd 717,069 655 913 Bahr el Ghazal 601,915 530 880 -17.5

Baro-Akobo-Sobat 230,369 233 1012 Baro Akobo Sobat 201,192 246 1,224 -35.0

Albert Nile-Bahr -

ol Jabal 80,433 92 1144 Bahr el Jebel 186,338 239 1,282 -7.2

Victoria Nile - Victoria Nile -

L Albert 156,839 164 1047 L. Albert 161,315 208 1,289 -14.7

Lake VictoriaKagera 249,433 254 1018 Lake Victoria 263,020 281 1,067 8.0

Total and average 3,229,039 1,088 616 3,074,273 2,165 704 -14.3
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2.2.3.  Comparison with other remote sensing estimates - Actual Evapotranspira-
tion and Interception

The NBI has produced estimates of ET, over the whole of the Nile Basin at a resolution of 1 km*
at 8-day time step. This dataset covers from January 2000 to 2014 (Nile Waters, 2014), using an improved
algorithm from the global MOD16ET algorithm which uses daily meteorological data and MODIS land

surface dynamic datasets as inputs for daily ET calculations'.

In particular, the NBI ET, estimates were compared with the average annual WaPOR evapo-
transpiration and interception for lakes in the basin, as IHE Delft (2020a) found issues with the ET for
water bodies in the Jordan River Basin. Figure 9 shows the result of this comparison. The WaPOR ET,
estimates are significantly lower than the NBI estimates for all the lakes. The NBI ET , estimates are 17 to
66 % higher than that of WaPOR where the biggest difference is for Lake Kyoga followed by lakes George
and Alberta.

ET estimates for Nile Major Lakes ET estimates for Nile Major Lakes

mmm NBI ET 2400 1 — NBi_ET = 1.02 * WaPOR_ET - 552.81
i ® Yearly ET

2000 4 . WaPOR_ET 2200 4

. 2000 -
T 1500 1 2
© @

o 2 1800 4
2 £
£ E

E 1000 5 1600
m o

= 1400 4

500 A 1200 A

10001
Albert Edward George Kyoga Nasser Tana Victoria 1000 1250 1500 1750 2000 2250
Lake Name WaPOR ET [mm/year]

Figure1o:  Comparison of annual ET  estimates of NBI and WaPOR for major lakes on Nile River Basin

2.2.4. Conclusion

The preliminary data quality assessments shows that WaPOR 2.0 Level 2 data provides rea-
sonable estimates of WaPOR Pand ET , at basin scale and as such can be useful to map the general spatial
distribution and identify areas of net water generation and water consumption in the basin. In general,

spatial variation of Pand ET  are consistent with the characteristics of the basin.

However, when WaPOR P compared with gauge measurements, slight underestimation has
been observed at all the four stations used for the comparison. Though there are several precipitation
measurement stations in the river basin, the data were inaccessible for this study and therefore it was
not possible to generalize if the underestimation of WaPOR P is valid for the whole basin. Also, for large

parts of the basin, no validation precipitation data set is available, in particular in the areas where we

1 http://nileis.nilebasin.org/category/wr-data/hydrology/evapotranspiration
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found discrepancies in P- ET, such as in the shrubs and bushlands The comparison of annual ET, of ma-
jor lakes in the basin also showed significant under estimation, therefore for further analysis, the ET, for
water bodies is replaced with ET, o

The comparison of WaPOR Pand ET , shows that, except for the year 2012, ET, is higher than
P. This may indicate that water storage in the basin was being depleted or there may be issues with the
values of either orboth Pand ET,.

The annual ET_ for the period 2009-2017 from WaPOR v2.0 Level 2 (702 mmy/year) is higher
than the ET for the period 2009-2017 from WaPOR v1.0 Level 1 (668 mm/year) (Table 13; FAO and IHE
Delft, 2019). The estimation of ET, from the water balance (P - Q) for the period 1912-1984 based on ob-
servations is 667 mm/year, similar to WaPOR v1.0 Level 1. For the newer WaPOR v2.0, the difference is
larger, however it must be noted that the comparisons are done using datasets from different time peri-
ods, and the difference may be due to regular climatic variability.

2.3. Other global data sets

2.3.1.  GRACE

To assess how much of the difference between P and ET, is due to groundwater outflow and
changeinstorage we use the Gravity Recoveryand Climate Experiment (GRACE),adual-satellite mission
continuously monitoring and mapping Earth’s changing gravity field to estimate the total water storage
anomalies (TWSA). There are several GRACE solutions for TWSA estimation from gravity anomalies,
which covers the whole globe from 2003 till end of 2015. The GSFC-vo2.4-ICE6G solution (Luthcke et
al., 2013) was used to validate the assumption that storage change over a longer time scale such as hydro-
logical year should be zero or close to zero. Though, GRACE solution provides mean monthly TWSA, the
number of days may not exactly match the days of the months and as such the change in storage (45/At)
in a time period was approximated using a second order central difference as proposed by Biancamaria
et al. (2019). After that, P - ET, should be equal to the total outflow Q
storage (AS/At) following the water balance equation:

up after correction in change of

GRACE Total Water Storage, Nile Basin
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The longer term trend in storage change (AS) as observed by GRACE is positive (see Figure 11).
The trend of water storage for a number of GRACE pixels that cover Nile River Basin from 2009 to 2016
is 0.95 mm/year, which is translated into 2.8 km3/year. The increase in trend in change in storage maybe a
result of the construction of a number reservoirs, which then store water.

2.3.2. Errors in water balance

The difference between residual P-ET,-Q

o a1d AS can be used as a proxy of error in water

balance derived from available datasets. The errors could be due to uncertainty in WaPOR Pand ET , as-
sumption of the outflow discharge (Q,,,) and/or from GRACE TWSA solution. For the Nile River Basin,
P-ET, -Q,,,is computed using the assumed yearly outflow from the basins of 4.7 km/year.

Table 6: Difference between storage computed from water balance and storage from GRACE

2009 1,698 -530 24 -555 -33
2010 2,080 -85 -64 21 -1
2011 2,072 -106 27 -132 -6
2012 2,226 72 44 27 1

2013 2,037 -88 -8 -80 -4
2014 2,001 -76 53 -129 -6
2015 1,989 -162 92 -254 -13
AVERAGE 2,028 -139 24 -163 -8

On average, the mean difference between GRACE TWSA change and WaPOR-based JS is -8% of total
precipitation volume (Table 6). The error is the largest for 2009 with -33% while it is only 1% for year 2012. The
error in water balance seem related with the amount of precipitation the basin received. Figure 12 show a linear

relationship between errors in water balance the precipitation.

Error in water balance vs precipitation volume
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Figure 12: Error in water balance vs precipitation volume
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2.3.3.  Global maps to categorise land use classes

Theland use map forms the basis for dividing the basin landscape into the four main categories
(PLU, ULU, MLU, MWU). Four main categories of land and water uses are distinguished:

» Protected Land Use (PLU); areas that have a special nature status and are protected by National
Governments or Internationals NGO’s

= Utilized Land Use (ULU); areas that have a light utilization with a minimum anthropogenic in-
fluence. The water flow is essentially natural

» Modified Land Use (MLU);areas where the land use has been modified. Water is not diverted but
land use affects all unsaturated zone physical process such as infiltration, storage, percolation
and water uptake by roots; this affects the vertical soil water balance

» Managed Water Use (MWU); areas where water flows are regulated by humans via irrigation ca-

nals, pumps, hydraulic structures, utilities, drainage systems, ponds etc.

The underlying reason for framing these four land use categories is that their management op-

tions widely differ from keeping them pristine to planning hourly water flows.

The land use categories map (Figure 13) is based on the land cover layer (LCC) from WaPOR
database, but needed to be reclassified into the Water Accounting classes. Protected Land Use (PLU)
class was updated using the protected area profile from the World Database on Protected Areas (UN-
EP-WCMC, 2019). The areas which are designated as IUCN categories Ia (strict nature reserve), Ib (wil-
derness area) and II (national park) are reclassified as PLU. The Managed Water Use class was reclas-
sified from the ‘Cropland, irrigated or under water management’ and ‘Built-up’ classes in WaPOR LCC
layer and updated with the area of constructed reservoirs from the Global Reservoir and Dam Database
(GRanD) (Lehner et al., 2011). WaPOR water bodies class except for natural lakes were also reclassified
as Managed Water Use class. The Modified Land Use was reclassified from the class ‘Cropland, fallow’
and ‘Cropland, rainfed’ in the WaPOR LCC layer. Thereafter, the rest of the area was reclassified as Uti-
lized Land Use class.

The land use class used for year 2018 in the analyses is shown in Figure 13. The majority of the

area in the Nile River Basin is covered by utilised land use and modified land use.

2.4. WA+ methodology

The longer term planning process of water and environmental resources in river basins re-
quires a measurement - reporting — monitoring system in place. The Water Accounting Plus (WA+)
framework is based on the early WA work of Molden (1997) focussing on agriculture and irrigation sys-
tems. WA+was further developed by Karimi (2014) and Karimi and Bastiaanssen (2015)and not generally
accessible. Remote sensing data is a suitable alternative to measure the required input variables. This
paper reviews the reliability of remote sensing algorithms to accurately determine the spatial distribu-

tion of actual evapotranspiration, rainfall and land use. For our validation we used only those papers that

19

covered study periods of seasonal to annual cycles because the accumulated water balance is the primary
concern. Review papers covering shorter periods only (days, weeks for river basin analyses and incorpo-
rating of all water use sectors. Further developments include more hydrological and water management

processes and focus on specific land uses.

A key element of WA is that it separates 7T, into Rainfall ET (ET

i) and incremental ET

(ET,,,), thereby clearly identifying managed water flows. WA+ includes thus the hydrology of natural
watersheds that provide the mains source of water in streams and aquifers, as well as quantifying water
consumption. The current studyutilisesthe WaPORv2.0 Level 2data (10oo mresolution) for the analyses.

It presents a rapid WaPOR-based water accounting framework.

The output of WA+ is in a number of sheets and supporting spatial maps. Remote sensing, GIS
and spatial models form the core methodology, so all data has a spatial context. The accounts are report-
ed on an annual basis, as WA+ is meant for longer term planning. Software tools have been developed
that automatically collect and download data from WaPOR database as well as for the calculations. The
models and scripts for the creation of the water accounts and the elaboration of the reports are available

on GitHub under the Water Accounting account* The WA+ framework is public and open for all users.
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Figure13:  Areapercentage of WA+ Land Use categories in Nile River basin in 2018

2 https://github.com/wateraccounting
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Water accounting flow chart using WaPOR data

Figure 14 shows the flow chart of the water accounting process and the data used to develop
the water accounting for Nile River Basin. It mainly uses WaPOR data such as the level 1 monthly pre-
cipitation and level 2 annual time series of land cover classification, interception and actual evapotrans-
piration and interception. External data sources used include GRACE satellite data for estimating the
change in storage in the basin, Global Reservoir and Dam Database (GRanD) to identify dam locations
and extents, and the World Database on Protected Areas to identify the protected land uses.

2.4.1.  Pixel scale analysis
2.41.1.  Method

The water accounting framework distinguishes between a vertical and horizontal water bal-
ance. A vertical water balance is made for the unsaturated root zone of every pixel and describes the ex-
changes between land and atmosphere (i.e. rainfall and evapotranspiration) as well as the partitioning
into infiltration and surface runoff. Percolation and water supply are also computed for every pixel, to

facilitate attributing water supply and consumption to each land use class.

The WaterPix model calculates for each pixel the vertical soil water balance (See Figure 15) and
is described below. ET . and ET,

o o are separated by keeping track of the soil moisture balance and de-

termining if ET is satisfied only from rainfall or stored in the soil moisture or additional source (supply)
isrequired. The main inputs into WaterPix are provided in Table 7 and the outputs are provided in Table

8. Each parameter is calculated at the model resolution of 100m and available for monthly and annual

time steps.
ETiner=0 ETincr#0
*P TETrain =ETa B Qsup ‘ *P *ETrain +ETiner=ETa
— —
Qsro + Qiner
Root depth Root depth
&Rrain QpF Rrain * Riner ~ QBF
= —
Figure1s:  Main schematization of the flows and fluxes in the WaterPix model
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Table 7: Inputs of WaterPix

Precipitation P WaPOR 5,000 m Daily
Actual Evapotranspiration ET, WaPOR 100m Monthly
Interception I WaPOR 100m Monthly
Land cover map LULC WaPOR 100m Yearly
Saturated Water Content HiHydroSoil 0.008333 degree Static

(about goom at the equator)

Table 8: Outputs of WaterPix

S 1 Soil Moisture

Qg 1,4 Surface Runoff

R 1,4 Recharge

ET, . and ET,,.. 2 Rainfall and incremental ET
Quyp 3 Supply

Step 1: Compute soil moisture

The soil moisture (S, ,,, ,) is computed as the soil moisture storage at the end of the previous

rain,

timestep (S,,,, ;) plus the effective rainfall (P- 1)) minus recharge (R, ) and surface runoft (Q,) (eq.):

S S

raint~ Orain, t-1 +P-1- Rmz’n N ero, rain (eq 1)

Where the surface runoff (Q

sro, rain
vation Service runoff method. The adjusted version replaces the classical Curve Numbers by a dynamic

) is calculated using an adjusted version of the Soil Conser-

soil moisture deficit term that better reflects the dry and wet season infiltration versus runoff behaviour
(see Schaake et al., 1996; Choudhury and DiGirolamo, 1998). As the Curve Number method is developed

for event based runoff, we calculated Q

rorain OT1 daily basis, dividing the effective rainfall by the number

of rainy days (1) and a calibration parameter to account for the soil moisture variation due to drying up
and filling with in a month. The total surface runoff for a month is then multiplied by 7:
0ifP=0

P-1
(—— )

*nifP#o0 (eq.

ero, rain

)
N7

P-1
n +f (Ssat - sz’n, t1 )

Where the saturated soil moisture (is calculated by multiplying the saturated Water Content
(0, by the effective root depth (kD) for each land cover class estimated based on the effective root
depth by Yangetal. (2016) (Table 9).

Table 9: Root depth look-up table. The values of root depth for each land cover class is based on study by Yang et al. (2016)

Shrubland 370
Grassland 510
Cropland, rainfed 550
Cropland, irrigated or under water management 550
Fallow cropland 550
Built-up 370
Bare/sparse vegetation 370
Permanent snow/ice o
Water bodies o
Temporary water bodies o
Shrub or herbaceous cover, flooded o
Tree cover: closed, evergreen needle-leaved 1,800
Tree cover: closed, evergreen broad-leaved 3,140
Tree cover: closed, deciduous broad-leaved 1,070
Tree cover: closed, mixed type 2,000
Tree cover: closed, unknown type 2,000
Tree cover: open, evergreen needle-leaved 1,800
Tree cover: open, evergreen broad-leaved 3,140
Tree cover: open, deciduous needle-leaved 1,070
Tree cover: open, deciduous broad-leaved 1,070
Tree cover: open, mixed type 2,000
Tree cover: open, unknown type 2,000
Seawater e}

Step 2: Separate ET into ET

i MAET,  andupdate S
When
S,.in isinsufficient for ET , the difference will be supplied by surface or groundwater uptake. The rainfall

ET (ET

rain

To compute the rainfalland incremental component of ET, ET , is subtracted fromS, . .

) becomes the amount which can be supplied by the soil moisture, whereas the difference will

become ET, .

E Tmz'n - z.}C(Smin, t~ E Ta’ E Ta’ sz’n, t) (eq' 3)
ET, =ET -ET, . (eq-4)
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The new soil moisture storage then becomes:

sz’n, t sz’n, t E Tmz'n (eq 5)

Step 3: Estimation of Water Supply

The amount of water supplied to each pixel is a function of ET), . and the so called consumed
fraction (f)).

ET

mcr

qup =f (£ Tz'ncr’ LU= —— (eq.6)

f.is dependent on the land use class and was suggested to replace the classical irrigation effi-
ciencies (Molden, 1997; Simons et al., 2016).

The consumed fractions applied in this study are only for irrigated crops with a consumed frac-
tion (fc) of 0.80.

Step 4: Estimating incremental soil moisture

A separate soil moisture storage (blue area in Figure 15) is added to store Quup and calculate

incremental recharge and runoff as follows:

Sz’ncr, t- Sz’ncr, -1t qup - ETz'ncr B Rz’nm* - ero, incr (eq.7)

And total soil moisture storage (S,) becomes:

St =S * Sz'ncr, t (eq 8)

rain, t

Then total recharge (R,) is calculated as exponential function of the soil moisture. If the soil
moisture is above a certain percentage (calibration parameter) of the saturated content, the percolation

will be computed using the following simple exponential function:

I
R=S,*exp (- S—) (eq.9)

t

And the incremental recharge () and the recharge from rainfall (are computed as proportions

of the incremental and rain soil moisture values.

The surface runoff is updated to account the increase due to incremental surface runoff from

the supply
oifP=0
(S
. S “nifP£0orQ,, #0 (eq.10)
—— +f(Ssar (Spain s+ Siner))
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The incremental surface runoff (Q_, . . )is then computed as:

ero, incr ero, tot ero, rain (eq 11)

The results of the calculation for ET

ain and ET,,, for the different land use classes are shown

in Figure 16. It shows thatirrigated cropland, flooded shrub land, shrub land, built-up, grassland and wa-
ter bodies have the highest ET, .. For irrigated croplands the method estimates ET',, .. to be about 408%
of the precipitation. This shows that about 80% of the water used by irrigated crops comes from supply
other than precipitation, this is mainly the case in the irrigated areas in Egypt with very little rainfalls.
For flooded shrub land this amount is 168%. An unusual situation for Nile basin is that the built-up areas
also have higher ET', = as opposed to generating flow as shown in other basin such as Awash River basin

mcer

(FAO and IHE Delft, 2020) and Niger River Basin (FAO and IHE Delft, 2020b).

Figure 16 also shows that two natural land use classes appear to consume more than the pre-
cipitation. Grass land consumes 8% more than the precipitation and bare/sparse vegetation consumes
37% more than precipitation. The excess of 23mm/year for bare/sparse vegetation and 59 mm/year for
grassland are not excessively high values but accumulating to large discrepancy in the overall water bal-
ance. These excesses can be translated less than 1.5 mm/day in decadal ET , or less than 0.15 mm of daily
Pvalues.

Percentateg of area per LCC Land cover classification Precipitation, rainfall and incremental ET
1% 66%

ET Incremental
@ ET Rainfall
s Precipitation

30% I Bare/sparse vegetation
17% i Grassland
15% I Cropland, rainfed
13% F Shrubland
11% [ Tree: open, unknown
3% [ Tree: open, deciduous
3% [  Water bodies
2% [ Tree: closed, deciduous
2% [ Cropland, irrigated
1% [ Tree: closed, evergreen
1% | Shrub, flooded
1% [ Tree: closed, unknown
0.256% [ Built-up
0.075% | Cropland, fallow
0.002% | Sea water

0.002% [ Treer: open evergreen

0%

0.000% [ Permament snow/ice

30 25 20 15 10 5 0 0 250 500 750 10060 1250 1500 1750 2000
Area in percent Water depth (mm/year)

Figure16:  Precipitation, ET . and ET

rain

proportion of ET, , and ET;,

. PET land cover of Nile River Basin for the period 2010 to 2018 - the percentages indicate the

to the precipitation
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2.4.2.  WaPOR based Water Accounting Plus sheet 1

The water accounts sheet 1 provide an overview of the water resources and its current utilisa-

tion per different land use categories. The rapid WaPOR-based Water Accounting looks at the gross inflow,

rainfall and incremental evapotranspiration for each of the WA+ land use categories. It assesses the cur-

rent utilisation rate of a river basin.

A further analysis was done, using a set of key indicators for water accounting developed by Dost

etal (2013) in consultation with the Land and Water Division of FAO:

1.

3.

The first set of indicators can be related to the Resource Base Sheet:

ET

. tot
ET Fraction= ———. (%)
(P+Q;,)

ET fraction indicates which portion of the total inflow of water is consumed and which part is
converted into renewable resources. A value higher than 100% indicates over- exploitation or a

dependency on external resources.

Stationarity Index = %omge (%)

a
Stationarity Index is an indication of the depletion of water resources. Positive values indicate
that water is added to the groundwater and/or surface water storage. Negative values indicate a
depletion of the storage.

1- Outflow
(P+Q,)

Basin Closure = (%)

Basin Closure defines the percentage of total available water resources (Precipitation + basin

inflow) that is consumed and/or stored within the basin. A value of 100% indicates that all avail-

able water is consumed and/or stored in the basin.

The second set of indicators focuses on the actual amount of water that is currently managed, or

isavailable to be managed:

4.

27

Available Water (AW) = Gross inflow — Landscape Evapotranspiration - Reserved Flow (km3/year), where
landscape evapotranspiration is all water lost to evapotranspiration minus the evapotranspira-
tion from managed land uses

» Totalamount of water that is available to be managed.
Managed Water (MW) = Incremental E'T of Managed Water Use (km3/year)

Managed Fraction = Managed Water | Available Water (%)

» Percentage of water thatisactually managed from the total amount of water thatis available.

Table 10: Dataand calculation approach used for fluxes in WA+ Sheet 1. N/A stands for Not Available

WA+ Sheet1Flux Description

P advection

Qdesal
Q in
Sw

Q"

Gross Inflow

Precipitation
The inflow from desalinated water

The inflow from surface water (i.e. inter-
basin surface water inflow)

The inflow from groundwater (i.e. interba-
sin groundwater inflow)

Total inflow from all sources

Data used Calculation approach
WaPOR’s L1_PCP_M Aggregate by hydrological year

N/A -
N/A -

N/A -

- P advection Qdesal i stm ° ngm

AS

Landscape ET

Consumed water/
ET

Change in total water storage

ET that occurs naturally, not due to water
management (i.e. evaporation on managed
reservoirs, or ET from irrigation water).

ET occurs as interception, evaporation,

soil evaporation, water evaporation,

canopy transpiration/ The total Evapo-
transpiration is evapotranspiration from
non-manageable, manageable and man-

aged land uses.

- Net Inflow - Gross Inflow

Rainfall ET + Total Incremental
ET of PLU, ULU, MLU

WaPOR’sL2 AETI M Aggregate by hydrological year
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3. Water Accounting Plus

3.1. The resource base

Table 10 provides description of the fluxes, the data sources and the calculation method used

to produce sheet 1, the resource base.

3.1.1.  Overview: Average over the entire period

The summary of average situation of the water resources in the Nile River Basin for the period
from 2010 to 2018 is given in the WA+ sheet 1 as shown in Figure 17. The WA+ sheet 1 for individual years
are provided in Annex 8. The year 2009 is considered as a ‘warm-up’ period for the pixel-based soil mois-
ture balance model and therefore it is not included in the analyses.

The nine year average gross inflow is 2,085.9 km?3/year while the total outflow from the basin
is 2,163.8 km3/year with the difference 77.9 km?/year is supplied by depleting the storage. The exploitable
water resources in the River Basin is 83.9 km?/year. The depletion in storage is contrary to the result ob-

tained from GRACE which shows an increasing trend.

The highest water consumption is from the Utilized Land Use (1,027.2 km’/year from ET .

and 426.7 km?/year from ET, ). The Protected Land Use consumes the least water (98.1 km3/year from
ET

rain

year from E

and 24.9 km3/year from ET

z'ncr) :

and 79.1 km?/year from ET ). The Modified Land Use category consumes about 417.7

m

The Managed Water Use consumption is 164.4 km3/year (85.3 km?/
Tmz'n
km’/year with about 30% from ET, . The total ET', . of the basin is about 30% of the gross inflow where

about 12% of it is supplied from storage.

The majority (88%) of ET;, . (total volume 653.7 km?/year) originates from natural withdraw-
als (574.6 km?/year). The anthropic withdrawals (79.1 km?/year) is only is about 12% of ET;, .. The major-
ity of the available water resources goes to Utilized Land Use (ULU) with 426.7 km3/year and Modified
Land Use (MLU) with 123.1 km3/year. Protected Land Use (PLU) uses only 24.9 km3/year or less than 4%
of the total ET;, . Rarely this usage of blue water appears in water allocation plans, because this con-
sumption occurs naturally and is out of sight from water managers. The fact that natural land use classes
utilize blue water can be explained by capillary rise and flood plains flooded by overflows and from flash
flood. Groundwater dependent ecosystems such as bushland and forests would tap into shallow aquifers

and intercept drainage flows.

The total consumed water (the sum of rainfall and incremental ET) is 2,159 km?3/year which is

about 4% higher than the P. ET, _accounts30.3 % of the consumption.

mcr

Irrigated cropland covers 66,588 km* which is about 2% of the Nile River Basin area, this is
about 10% lower than the 73,000 km? as reported in the FAO Nile Basin information products (FAO,

2011). Theaverage ET;,

used by this land cover is 894 mm/year (see Figure 16) which implies about 59.53
km3/year of the exploitable water or about 71% is used for irrigation. Of the managed water use the irri-
gated croplands consume about 75%.
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Sheet 1: Resource Base
Basin: Nile vﬁ _'fer
Period: 2010 - 2018 = T 2N T

Unit: Cubic kilometers per year

Protected Land Use ~ 98.1

1505.2

9 Utilized Land Use ~ 1027.2
Modified Land Use ~ 294.6

Rainfall ET

External

Managed Water Use  85.3

2085.9 2085.9
Padveclion 2085.9
Qdesul 0.0
Q" 00
Q," 0.0

+AS 77.9

-AS 0.0

Gross Inflow

Figure 17: WA+ sheet 1 for the Awash River Basin containing average flow values for the period 2010 - 2018. Yearly Resource Base Sheets

are included in Annex 8

The water resources situation described above shows the average condition over nine years
from 2010 to 2018, however to understand the variation from year to year in relation to precipitation the

basin receives, the yearly situation of the water resources is described in the following section.

3.1.2.  Variability of the annual Water Accounts

Figure 18 shows the yearly changes in precipitation, ET and ET, . and ET, = per WA+land use
categories. It shows that ET, . follows the same trend as precipitation except for the year 2012 which

is the wet year in the studied period. In this year the ET

1 . o
i, didn’t increase with the precipitation. ET),

mcer
shows opposite trend with the precipitation. ET, . seem decreasing when precipitation is increasing
and increasing as P decreases. This maybe indicate that part of the ET', . is supplied from groundwater
sources or uncertaintyassociated with WaPOR Pand ET .. This may also explain the fact that ET is greater
than precipitation in almost all the years except the wet year (2012). Since reliable source of ground
water abstraction was not found, any consumption from the groundwater was not included in the water

account study.

The year 2012, the wettest year from the period analysed, received 2,225.6 km3 or 710 mm/year
of rainfall (Figure 19). The exploitable water resources is 154.4 km?/year which is very different from that
of the average situation. The main difference is in the amount of water stored in the basin which now in-

creased to 71.7 km3/year. The proportion of ET

i and ET,, . moreor less remained the same.
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Nile Water Fluxes by year in km3/year, 2010-2018
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Figure 18: Nile River Basin water fluxes by year from 2009 to 2018

ET,,. shows a reduction (13.4 km?/year) as part of it was satisfied by rainfall. The total con-
sumption is 65.3 km3/year which accounts 79% of the precipitation the basin received. ET), . is only 20%

of the total consumption.

Sheet 1: Resource Base
Basin: Nile Mb.
Period: 2012 L) 27

Figure19: WA+ sheet 1 for the Nile River Basin for the wettest year (2012)
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On the other hand, 2016 was the driest year receiving just 1,981.9 km?/year or 633 mm/year
which is less than the consumed water (by 180.3 km3/year), the difference supplied from depleting the

storage in the basin. ET,, . (185.1 km?/year) is now 9% of the total consumed water (Figure 20).

Sheet 1: Resource Base
Basin: Nile %
Period: 2016 S B ¥

Unit: Cubic kilometers per year

e e = Lo <
e 3
-
i
- -!
p

Figure 20: WA+ sheet 1 for the Nile River Basin for the driest year (2016)

3.2. Key Indicators

The key performance indicators are presented in Table 11. Since there were discrepancies be-
tween the storage change computed from WaPOR data, GRACE gravity measurements, and change in
storage computed from yearly water balance (Table 3), the later was used for computation of the key
indicators as shown in Table 11. The average ET fraction of the basin is 107.4 indicating consumption
more than the average precipitation by about 7.4%. This difference is supplied from depletion of storage.
However, GRACE total storage change estimates an increase in storage. Because of this discrepancy, the
state of total water storage change from 2010-2018 cannot be reliably estimated.
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Table 11: WA+ Sheet 1 key indicators of Awash River Basin from 2010 to 2018 based on water balance derived from WaPOR

datasets

2010 103.9 -4.0 99.8 -1.6 79.0 -4,967.0
2011 104.9 -4.9 99.8 -30.0 70.8 -235.8
2012 96.6 3.3 99.8 154.4 77.9 50.5
2013 104.1 -4.2 99.8 -3.9 79.3 -2,009.8
2014 103.4 -3.5 99.8 1.2 72.4 6,235.8
2015 107.9 -7.6 99.8 -72.2 85.2 -118.0
2016 109.1 -8.6 99.8 -93.4 86.9 -93.0
2017 101.2 -1.4 99.8 53.8 79.6 147.9
2018 101.6 -1.8 99.8 45.9 80.7 175.8
Average 107.4 -6.4 99.8 -55.9 78.7 -152.0

3.2.1. ET fraction, Stationarity index and Basin Closure

The key performance parameters presented in Table 11 describes the river basin system by a
few indicators. The ET fraction is highest in 2016 with about 109.1% indicating more than the precipi-
tation amount was consumed in that year. The additional amount consumed (9%) comes from storages
in the basin. The ET fraction is lowest for the year 2012 with 96.6% indicating that not all rainfall is con-
sumed so that surplus of rainfall is used to increase storage in the basin. The representative value for ET
fraction across the study period (2009 to 2010) is 107.4%. On average the basin consumes more than the

precipitation it receives.

The Stationarity Index indicator describes what percentage of the consumption is originating
from storage changes. An average positive indicator of -6.49% means that wither groundwater or storage
in the reservoirs were being exploited and there was no net recharge in the period studied. The only year
from 2010 to 2018 when the groundwater was recharging and/or storage in the basin was increasing mar-

ginally was 2012.

The average basin closure index is 99.8%, which shows that all water resources is consumed

and/or stored in the basin.

3.2.2.  Available water, managed water and managed fraction

The second set of indicators in Table 11 focuses on the actual amount of water that is currently
managed, or is available to be managed. The total amount of Available Water is -55.9 km?/year depicting
a situation where more water than the available is already managed. 55.9 km3/year is being managed in
addition to the average 78.7 km?/year. The withdrawal is much more that the safe cap of water withdraw-
als, therefore, it is essential that further withdrawals should be compensated by equivalent reduction of

consumptions through improving water productivity.
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In the only wet year the available water increases and the managed fraction becomes less while
in the rest of the studied period (dry years) the available water was less that the managed and the man-
aged fraction increase. A negative managed fraction indicates that the managed water provided by de-

pleting storage in the basin.

During period when there would be surplus available water, part of it can be contaminated by
anthropogenic pollution loads to the extent that exceeds the basin’s assimilation capacity. The water
pollution level of the Nile River Basin related to anthropogenic Nitrogen and Phosphorus loads from
diffuse and point sources from 2002 to 2010 was estimated to be less than 0.5 (Mekonnen and Hoeks-
tra, 2015) and between 2 and 5 (Mekonnen and Hoekstra, 2018) respectively. In these studies, the water
pollution levels were calculated as the ratio of Grey Water Footprint over the annual actual runoff of the
basin. These values indicate that it would take more than 2 to 5 times of actual runoff of the basin to dilute
the pollution related to anthropogenic Nitrogen and Phosphorus loads. As a result, any available water
might not be suitable for some uses (irrigation, drinking water, etc.). It should be, however, noted that
the uncertainty range of the global GWF is of -33% to +60% (Mekonnen and Hoekstra, 2015).
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4. Conclusions

The Nile River Basin faces a huge challenge in terms of water security. With an expected dou-
bling of the population in the basin in the next twenty five years, water supply in the basin will further
be depleted as demands for agriculture, domestic and industry continues to grow. Water resources of
the basin are already being intensively utilised and as such the basin is considered as the one of the con-
flict-prone river basins. Hence, assessing the state of water resources in the basin can provide invaluable
information for stakeholders and decision maker for collaborative and sustainable development of the

basin and beyond.

A simple and rapid water accounting of the Nile River Basin has been performed using mainly
the FAO WaPOR database for the period 2009 to 2018. The study revealed that for the period 2019 to
2018 the evapotranspiration (ET ) is greater than the precipitation (P) except for year 2012. Even with
a very small proportion (0.23%) of outflow from the average gross inflow to the basin, part of the con-

sumption is supplied by depleting water from the storage in the basin.

The spatial patterns of the difference between P and ET  revealed that ET  far exceeds Pin wa-
ter bodies in the Sudan and Egypt such as in the Sudd wetlands, in Aswan reservoir and irrigated farm-
lands along the banks of the river in Egypt whereas P exceeds ET , in the Ethiopian highlands and the
Equatorial Plato.

The WaPOR 2.0 Level 2 data quality assessments showed reasonable estimates of Pand ET at
basin scale and as such can be useful to map the general spatial distribution and identify areas of net wa-
ter generation and water consumption in the basin. However, the water consumption in bare and sparse

land use is unrealistic and could be due to uncertainties in Pand/or ET .

Irrigated croplands consume far greater amount of water than precipitation but these are not
the only consumer land use cover types. Natural land covers also consumed water though in a lesser de-
gree. Land cover in the basin remains largely unchanged though out the decade, except small percentage
change of irrigated cropland to rainfed cropland and vice versa, and as such the water consumption pat-

tern remained the same.

The average WaPOR based gross inflow (2,086 km?/year) is less than the total outflow (2,164
km?/year) with the difference being (77.9 km?/year) indicating there is no outflow from the basin. There
is huge uncertainty associated with the values of Pand ET , for example, the consumption of blue water
by natural land covers such as grassland, shrub lands and bare or sparse vegetation, which is more than
90 km3/year, is more than the difference between gross inflow and total out flow. If the data is corrected
for this (no blue water consumption for these land cover types), the gap between inflow and outflow

would be in the right order of magnitude compared to observed outflow.

Itis clear from the analysis that even if the WaPOR Pand ET  have inherent errors especially
for low values in the low lands and thus the water balance is not accurate, the basin is a closed basin in
a way that the outflow is a very small fraction of the inflow and all the remaining water is consumed to-

gether with storage depletion. Therefore, the potential for agriculture expansion in the basin is almost
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none form water resources perspective, even though the irrigated land accounts only to two percent of
the total area. The largest proportion of the water in the basin is consumed by natural land covers. The
largest net water consumption is from bare/sparse vegetation cover. The beneficial water consumption
contribution to ET, is low compared to non-beneficial consumptions. Agricultural expansion in the ba-
sin can be implemented if non-consumptive use of water by natural land covers is minimized through
improvement of landscape strategies. However, such expansion should take into account the impacts
of land uses changes and its impact on hydrological response of the basin, environmental flow require-
ments, fair share of the water resources among the riparian countries and impacts of climate variability

on seasonal and periodic availability of water resources.
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Annex3 Plots of Annual P - ET_ of Nile River Basin in mm/year
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Annex 4 Plots of Annual Land cover classification maps
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Annex6 Annual estimated Incremental ET (ET . ) of individual years
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Water Accounting
in the Nile River Basin

This report describes the water accounting study for the Nile River
Basin carried out by IHE-Delft using the Water Productivity (WaPOR)
data portal of the Food and Agricultural Organization (FAO).

The Nile River Basin faces a huge challenge in terms of water securi-
ty. With an expected doubling of the population in the basin in the
next twenty five vears, water supply in the basin will be further
depleted as demands for agriculture, domestic and industry contin-
ues to grow. Water availability in the basin will also be threatened by
climate change and variability and pollution from increased agricul-
tural and industrial activities and from urban areas. However with
limited up-to-date ground observations, in terms of duration, com- L
pleteness and quality of the hydro-meteorological records it is diffi-
cult to draw an appropriate picture of the water resources condi-
tions. The Water Accounting Plus (WA+) system designed by IHE
Delft with its partners FAO and IWMI has been applied to gain full
insights into the state of the water resources in the basin.
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